ABSTRACT: Atomic layer deposition (ALD) is a vital gas-phase technique for atomic-level thickness-controlled deposition of high-quality thin films on various substrate morphologies owing to its self-limiting gas-surface reaction mechanism. Here we report the ALD fabrication of thin films of the semiconducting CuCrO2 oxide that is a highly prospective candidate for transparent electronics applications. In our process, copper 2,2,6,6-tetramethyl-3,5-heptanedionate (Cu(thd)2) and chromium acetyl acetonate (Cr(acac)3) are used as the metal precursors and ozone as the oxygen source. Smooth and homogeneous thin films with an accurately controlled metal composition can be deposited in the temperature range of 240-270 o C; a post-deposition anneal at 700-950 o C i n a n A r atmosphere then results in well crystalline films with the delafossite structure. Electrical transport measurements confirm the p-type semiconducting behavior of the films. The direct bandgap is determined f r o m U V -v i s s p e c t r o p h o t o m e t r i c m e a s u r e m e n t s t o b e 3 . 0 9 e V . T h e observed transmittance is greater than 75% in the visible range.
INTRODUCTION
Copper chromium oxide CuCrO2 is a member of the delafossite family CuAO2 (A = Al, Cr, Fe, Co, Ga, Y, In, La, Nd, and Eu). 1 The basic structural and magnetic properties of CuCrO2 and other members of the family have already been established many years ago. With predominantly antiferromagnetic interactions, members of this family possess a geometrically frustrated triangular lattice. Up until recently the numerous studies published concerning CuCrO2 have been inspired by its large magnetic frustration (qCW/TN~8) and the evidence showing that it is multiferroic. 2, 3, 4, 5 The discovery of simultaneous p-type electrical conductivity and optical transparency in CuAlO2 thin films 6 opened the new venue of research among delafossites for 'invisible electronics'. 7 Subsequently besides the frustrated magnetism, many other Cu +1 wide-bandgap triangular-lattice antiferromagnets with the delafossite structure, including CuInO2, 8 CuScO2, 9 CuGaO2, 10 CuYO2 11 and most recently CuBO2 12, 13 have been investigated as p-type transparent conducting oxides (TCOs). To date the Mgdoped CuCrO2 is reported to have the highest electrical conductivity (220 S cm _1 ) among the delafossite materials. 14 The need for p-type TCOs stems from the realization of transparent electronics; that by far depends on the p-type semiconductor materials for use in transparent p-n and p-i-n diodes. 15 Materials with a wide bandgap (>3 eV), high electrical conductivity, high mobility, low fabrication cost along with controllable transparency would be a boom for transparent electronics. Thus the research and development of p-type TCOs is a worthwhile endeavor not only to rival the current industry standard n-type TCOs (e.g. In1-xSnxO3 and Al1-xZnxO3) but also to complement the needs of invisible electronics.
CuCrO2 with a bandgap of >3.0 eV is one of the most prospective p-type candidates for TCO applications, even though the bandgap is yet debatable in the literature with contradictory findings from different groups. Some groups report an indirect bandgap 16, 17, 18 and others find CuCrO2 to be a direct-bandgap semiconductor. 19 The first measurement of bandgap of CuCrO2 was performed by Benko and Koffyberg 14 who found it to be an indirect bandgap of 1.28 eV with another indirect and direct bandgap allowed transition at 3.08 and 3.35 eV, respectively. Overall the recent optical measurements have found the direct optical bandgap to be in the range of 2.95-3.30 eV estimating CuCrO2 to be transparent to visible light. 20, 21, 22, 23, 24, 25 It should also be mentioned that besides the TCO applications, CuCrO2 has attracted attention for a range of other applications, ranging from catalysis 26, 27, 28 and sensors 29, 30 to thermoelectrics, 31, 32, 33 photocatalysis and removal of various hazardous gases 34,35 metal cations. 36 There are many methods available for the preparation of CuCrO2 thin films and coatings, such as reactive sputtering deposition, 37, 38 pulsed laser deposition, 39, 40, 41, 42 chemical solution deposition, 43, 44, 45, 46 and molecular beam epitaxy. 47 However, these techniques may not be vital for the depositions where a precise thickness control (of the order of sub-nanometer) over a large-area and/or nanostructured substrate is required. 48, 49 Atomic layer deposition (ALD) 50 is an advanced thin-film technique that affords precise film-thickness control owing to its unique deposition mechanism based on sequential and repeated exposure of precursor vapors that undergo self-limiting surface reactions. Not only low deposition temperatures but ALD also offers the benefit of wafer-scale fabrication of various inorganic films, including oxides, nitrides, metals and chalcogenides. 51, 52 Here we report the ALD growth of high-quality CuCrO2 thin films; we moreover determine the optical band gap of CuCrO2 in our thin films for the potential application in optoelectronic devices such as flat panel displays and photovoltaics. For these applications the anticipated materials should have optical transmittance greater than 80% of incident light and conductivities greater than 10 3 S/cm for efficient carrier transport. It is a well-known fact that the transmittance of the f i l m s i s l i m i t e d b y l i g h t s c a t t e r i n g a t d e f e c t s a n d g r a i n boundaries. Hence the employment of ALD may prove useful for these applications with nearly defect-free and homogeneous growth of films.
EXPERIMENTAL SECTION
Thin films of Cu-Cr-O were deposited from copper 2,2,6,6-tetramethyl-3,5-heptanedionate (Cu(thd)2) and chromium acetyl acetonoate (Cr(acac)3) a s m e ta l pr ec ur so r s a n d o z o ne a s a n oxygen source in a commercial hot-wall flow-type F-120 ALD reactor (ASM Microchemistry Ltd., Finland) operated under a nitrogen pressure of 2-3 mbar. Nitrogen (99.9995%) was produced with a NITROX UHPN 3000 nitrogen generator and used both as a carrier and purging gas. Cr(acac)3 (97.5%) was procured from STREM Chemicals whereas Cu(thd)2 was prepared from copper acetate (Fluka; 98%) and 2,2,6,6-tetramethyl hepatane-3,5-dione (Fluka; > 98%) in our laboratory. The sublimation temperature of Cu(thd)2 was determined from thermo-gravimetric (TG) analysis (carried out in air with a heating rate of 10 o C /m in ) a nd f o un d to be c a . 1 1 5 0 C. The metal precursors Cu(thd)2 and Cr(acac)3 were sublimed from open glass boats held inside the reactor at 120 and 130 °C, respectively. Ozone was produced with a Fischer model 502 laboratory ozone generator from oxygen (99.999%). It was pulsed into the reactor through a needle valve and a solenoid valve from the main ozone flow line. The deposition temperature range studied was from 200 to 270 °C. Pulse and purge lengths for the metal precursors, ozone and N2 purge were initially tested from 1 to 6 s, and then fixed to 2 s for all the three precursors and 3 s for the N2 purge. As commonly observed for ternary oxides the as-deposited films were amorphous; 53 , 54 , 55 for crystallization the films were annealed at 500-950 0 C in a rapid thermal annealing (RTA) furnace PEO 601 (ATV Technologie GmbH) in Ar atmosphere.
Most of the films were deposited on 3 × 3 cm 2 Si(111) substrates without removing the native oxide layer. However, for the purpose of electrical transport measurements and bandgap determination from UV-vis spectrophotometry data some films were also deposited on borosilicate glass. The dc resistivity was measured in linear four-probe configuration. Seebeck coefficient was measured using our home made setup similar to the setup reported in Ref. 56 . The spectrophotometric measurements were performed by Hitachi-U 2000 spectrophotometer in the wavelength range of 190-1100 nm. Crystal structure of the postdeposition annealed films was identified from grazing incidence X-ray diffraction data (GIXRD; PANanalytical model X'pert Pro diffractometer, Cu Kα radiation). Film thicknesses were determined from X-ray reflectivity (XRR) patterns measured with the same diffractometer. Scanning electron microscopy (SEM; JEOL JSM-7500FA, resolution 0.6 nm @ 30 kV) images were to investigate the surface structures of the films. The surface topography and root mean square (RMS) roughness measurements were performed using an atomic force microscope (AFM, TopoMetrix Explorer). Elemental composition of the films was determined from wavelength dispersive X-ray fluorescence spectroscopy (WD-XRF; PANanalytical Axios mAX microanalysis system equipped with SST-mAX X-ray tube that virtually eliminates instrument drift) and inductively-coupledplasma optical-emission spectrometry (ICP-OES; Perkin Elmer ICP-OES, 7100 DV) measurements. SuperQ software package from PANanalytical was used for the analysis of the XRF results. The total number of super-cycles is 300.
RESULTS AND DISCUSSION
First we searched for our new ALD process the temperature range, i.e. so-called ALD window, where the film growth rate remains constant. In Figure 1 the growth per super-cycle (GPC) values for the films at various deposition temperatures from 200 to 270 0 C are plotted. For all these depositions, the ALD supercycle consisted of the following pulsing sequence: 2 s Cu(thd)2, 2 s o z o n e, 2 s C r (a c a c )3 and 2 s ozone, each precursor pulse followed by an N2 purge of 3 s. The total number of these supercycles was 300. From Figure 1 the GPC value for our Cu-Cr-O films is essentially constant within 240-270 0 C; this is a somewhat narrow temperature window considering the ALD windows reported for the binary processes of CuO (190-260 0 C) 57 and Cr2O3 (200-280 0 C) 58 from the same precursors. Beyond 270 o C (not shown in the figure) the film growth becomes of the CVD (chemical vapor deposition) type, probably due to decomposition of the precursors. Thus, it was difficult to determine the thickness of the films by XRR measurements. For the further experiments we fixed the deposition temperature to 250 o C considering the ALD windows of individual precursors and the temperature range with an essentially constant growth rate from the present depositions.
We confirmed the self-limiting growth behavior with respect to extended precursor pulse (and subsequent purge) lengths by varying these parameters one at a time and keeping all other 3
pulse and purge lengths (2 and 3 s) for Cr(acac)3, and O3 remained fixed. The same process was then repeated separately for Cr(acac)3 and O3, see Figure 2 . From these experiments it was observed that a pulse (purge) length of 1 s (2 s) was not enough for saturative growth for any of the precursors; a nearly constant growth rate (0.20-0.23 nm/super-cycle) was observed for the pulse (purge) lengths beyond 2 s (3 s). The extended pulse (purge) length beyond 3 s (4 s) for O3 slightly decreased the growth rate probably due to the decomposition of the precursors. Thus we selected the precursor pulse and N2 purge length combination of 2 s and 3 s, respectively, for the rest of the experiments. For the initial depositions with the metal precursor cycles in the ratio of 1:1, i.e. [(Cu(thd)2 + O3) + (Cr(acac)3 +O3)], the cation molar ratio Cu/Cr determined from the XRF and ICP measurement data was always larger than 1.5. Thus to get the desired molar ratio, i.e. Cu/Cr = 1.0, the number of (Cr(acac)3 + O3) sub-cycles in the super-cycle was increased from 1:1 to 1:2 and 1:3. In the 1:2 case the resultant Cu/Cr molar ratio was determined to be ca. 1.3, while in the 1:3 case a Cu/Cr ratio (i.e. 1.02) equal to the target stoichiometry within experimental error was achieved. Hence we fixed the ALD super-cycle for our remaining experiments to be: [(Cu(thd)2 + O3) + 3 x (Cr(acac)3 + O3)]. At the deposition temperature of 250 o C the GPC for this super-cycle was found to be 0.55 nm / super-cycle. In Figure 3 we plot the film thickness against the number of super-cycles deposited at 250 o C with the sub-cycle ratio of 1:3; it is seen that the film growth is essentially linear as expected for a wellbehaving ALD process.
In Figure 4 we show XRD patterns and SEM images for the films with the stoichiometric Cu/Cr ratio after annealing the asdeposited films at different temperatures in an Ar atmosphere for 10 minutes. The as-deposited film is non-crystalline and as expected the crystallinity of the films enhances with increasing annealing temperature. The film annealed at 700 0 C contains small proportions of CuO and CuCr2O4 phases along with the CuCrO2 phase. By 800 0 C the CuO and CuCr2O4 phases have transformed to CuCrO2, however, annealing the films further at 950 0 C improves the crystallinity and a phase-pure CuCrO2 film is obtained. The SEM images reveal that the as-deposited noncrystalline film has a smooth homogeneous surface. For the film annealed at 500 0 C appearance of polygon-like irregular grains is seen with the typical grain size in the range of 20-80 nm. Grains for the film annealed at 700 0 C are somewhat larger but diffused and have irregular shapes probably due to the mixed-phase nature of the film, while the grains in the film annealed at 950 0 C are smaller but distinct and have almost regular rod-like shapes of approximately 130 nm long. The mixture of bar-and polygonal-like features in the film annealed at 950 o C is attributed to the delafossite structure successfully forming during the annealing process. Hence we may conclude that our XRD and SEM data are in excellent agreement. In Figure 5 we show the surface topography and root mean square (RMS) roughness features of the films measured by AFM.
In line with the XRD and SEM data the surface topography and roughness of the films change due structural and phase changes driven by different annealing temperatures. The as-deposited non-crystalline film (Figure 5a) shows the minimum RMS roughness value of 0.98 nm. As shown in Figure 5 (b, c and d), the RMS roughness of the films increases from 1.46 to 2.65 nm with increasing annealing temperature. This shows the improved crystallinity of the films with temperature. The RMS roughness values of the 700 0 C-annealed film is a little more than the singlephase 950 0 C annealed film. We believe that this may be related to the mixed compositions of CuO and CuCr2O4 phases as observed in XRD and SEM measurements. Similar roughness features have been observed in magnetron sputtered Cu-Cr-O films at different annealing temperatures. 61 In Figure 6 we show the electrical transport measurements on the films (thickness 150 nm) annealed at various temperatures 4 600-800 0 C. The T dependence of resistivity shows a purely semiconducting behavior with dr/dT < 0 as the temperature is increased. With higher annealing temperature, resistivity of the films decrease probably due to increased carrier density and conversion of remnant CuO and CuCr2O4 to CuCrO2. 61 The resistivity of the films matches well with the values reported in literature. 15, 61 The inset of figure 6 shows the room temperature Seebeck coefficient of the same films. The positive Seebeck coefficient confirms the p-type conductivity of the films.
Quantitatively Seebeck values do not change much with higher annealing temperature however show a linear increasing trend with values~300±10 mV/K at room temperature. This is comparable (~350 mV/K) to the value reported by T. Okuda et al. [31] [32] [33] for powder samples of Mg doped CuCrO2. However, much higher (~ 1200 mV/K) values have been reported by Benko, Koffyberg 16 and Y. Ono et al. 32 for bulk powdered samples of Ca and Mg doped CuCrO2 respectively. This is believed to be related to the large resistivity differences 14 of their materials (~100 W cm) to the films we measured (~1.0 W cm). Finally, in Figure 7 we display the UV-vis spectra measured for an 800 o C annealed CuCrO2 film deposited on a borosilicate glass substrate. Thickness of the film is 150 nm. Such peaks have been mentioned to appear as sub-bandgap transitions 61 when the relationship, hv = Eg -Ek between an incident photon and a free exciton in the semiconductor is satisfied. 62 Here hn is the incident photon energy, Eg is the bandgap and Ek is the binding energy of the free exciton and k represents the wavevector on the E-k diagram. On E-k diagram, sub-bands lie at lower energy positions. Thus sub-bandgap transitions are not, in general, capable of creating hole carriers to make any appreciable contribution to the electrical conductivity.
The following equation is used frequently to estimate the bandgap of a semiconductor material:
(ahv) 1/n = A(hv − Eg )
where a is the absorption coefficient and A is an arbitrary constant. For direct and indirect bandgaps n is taken as ½ and 2, respectively. From the graph (ahn) 2 versus hn the direct bandgap of a material can be determined. As shown in Figure 7 (b) the direct bandgap of our ALD CuCrO2 film is estimated to be 3.09 eV. The obtained values are consistent with direct bandgaps of 2.95-3.55 eV reported in previous studies. [20] [21] [22] [23] [24] [25] 
CONCLUSIONS
In this work, we developed an atomic layer deposition process to fabricate CuCrO2 thin films. Though the study was particularly intended to the growth of high-quality CuCrO2 films the information of the process parameters and growth characteristics may also be u s e f u l f o r t h e d e p o s i t i o n o f o t h e r m e m b e r s o f t h e C u A O 2 delafossite family for potential TCO applications. Our ALD process is based on Cu(thd)2, Cr(acac)3 and ozone precursors, and to get the desired Cu/Cr ratio for CuCrO2 a super-cycle was employed with one Cu(thd)2-O3 and three Cr(acac)3-O3 sub-cycles. The ALD temperature window was found at 240-260 o C. The as-deposited films exhibited smooth homogeneous surfaces but were noncrystalline; annealing at 800-950 0 C in Ar then revealed crystalline CuCrO2 films for which highly promising optical characteristics could be measured, i.e. transmittance values greater than 75% in the visible range with the direct bandgap of 3.09 eV. One higher-energy sub-band transition was observed at 3.54 eV. Electrical transport measurements confirm the p-type semiconducting behavior of the films.
